Abstract Amphibians are declining throughout the United States and worldwide due, partly, to habitat loss. Conservation practices on the landscape restore wetlands to denitrify tile drainage effluent and restore ecosystem services. Understanding how water quality, hydroperiod, predation, and disease affect amphibians in restored wetlands is central to maintaining healthy amphibian populations in the region. We examined the quality of amphibian habitat in restored wetlands relative to reference wetlands by comparing species richness, developmental stress, and adult leopard frog (Lithobates pipiens) survival probabilities to a suite of environmental metrics. Although measured habitat variables differed between restored and reference wetlands, differences appeared to have sub-lethal rather than lethal effects on resident amphibian populations. There were few differences in amphibian species richness and no difference in estimated survival probabilities between wetland types. Restored wetlands had more nitrate and alkaline pH, longer hydroperiods, and were deeper, whereas reference wetlands had more amphibian chytrid fungus zoospores in water samples and resident amphibians exhibited increased developmental stress. Restored and reference wetlands are both important components of the landscape in central Iowa and maintaining a complex of fish-free wetlands with a variety of hydroperiods will likely contribute to the persistence of amphibians in this landscape.
Introduction
Amphibians are declining worldwide due to a variety of anthropogenic influences (Collins and Storfer 2003; Wake and Vredenburg 2008) . Increased agriculture and urbanization result in habitat loss and fragmentation, an increased prevalence of disease, and accumulation of contaminants in the environment (Collins and Storfer 2003; Johnson et al. 2007 ). In the United States, 21-61 % of amphibian species are estimated to be in decline (Adams et al. 2013 , Stuart et al. 2004 .
The landscape in Iowa was altered significantly over the past 200 years, which has had direct consequences for amphibians (Bogue 1963) . Since the early 1900s, tile drainage has enabled use of the rich prairie soils for row-crop agriculture, resulting in a loss of 90-99 % of the state's historical wetland areas (Whitney 1994; Miller et al. 2009 ). As nutrients and agricultural chemicals are transported off fields, surface water is negatively impacted and biotic interactions such as competition and predation can be altered (Boone and James 2003; Groner and Relyea 2011) . Habitat fragmentation and contamination resulting from anthropogenic activities has imperiled 45 % of the amphibian and reptile species found in Iowa (Lannoo 1998; IDNR 2006) .
Wetland restoration and the re-establishment of functional ecosystems are major concerns. In Iowa, the Conservation Reserve Enhancement Program (CREP) was implemented to reduce nutrient loads in surface waters and reduce hypoxia in the Gulf of Mexico by strategically restoring wetlands to intercept runoff from tile drainage (IDALS 2009; IDALS 2013) . As an added ecosystem service, these restored wetlands provide habitat for waterfowl and other wildlife (Knutson et al. 2004; O'Neal et al. 2008) . Increases in wetland habitats are also putatively beneficial to amphibians, which have been observed in many of these wetlands. However, the benefits may be negated if the quality is insufficient to support sustainable amphibian populations (i.e., acting as population sinks, sensu Pulliam 1988) .
The effects of contaminant exposure, disease, and habitat loss on amphibians can vary from sub-lethal (e.g., increased developmental stress) to lethal. Fluctuating asymmetry (any deviation from bilateral symmetry between paired body parts) can indicate exposure to diseases or other environmental stressors (e.g., poor water quality, parasites) and can be an indicator of overall developmental stress (Gallant and Teather 2001; Parris and Cornelius 2004; St-Amour et al. 2010) . Understanding how the combined effects of multiple stressors like water quality, hydroperiod, predation, and disease affect amphibians in restored wetlands is central to maintaining healthy populations despite intense agricultural development. An assessment of benefits and potential pitfalls of restored wetland habitats can inform management decisions and restoration efforts.
We assessed local environmental attributes and characteristics of amphibian populations to compare the habitat quality of restored and reference wetlands. We hypothesized that restored wetlands would have higher nitrate concentrations, extended hydroperiods, and greater average depths than reference wetlands. These characteristics may facilitate the presence of fish and bullfrogs (Lithobates catesbeianus) at restored wetlands, which could reduce native amphibian species richness along with leopard frog (Lithobates pipiens) survival probabilities and population sizes.
Bullfrogs, carriers of the amphibian chytrid fungus (Batrachochytrium dendrobatidis, Bd), are likely to prefer the more permanent habitat of restored wetlands (Casper and Hendricks 2005) . Because of this, and the likelihood of higher nitrate levels, we predicted that restored wetlands would have increased zoospore counts in water samples and amphibians would exhibit increased developmental stress from disease.
Methods

Study Wetlands
We assessed six wetlands (three restored, three reference) in the Des Moines Lobe landform of central Iowa (Fig. 1) . Restored wetlands were enrolled in the Iowa CREP and received mostly subsurface tile drainage, whereas reference wetlands primarily received surface runoff with some subsurface flow (Smalling et al. 2015) . While both wetland types have been restored from agricultural use, restoration of reference sites was generally passive, where vegetation was permitted to regenerate naturally, and, unlike restored wetlands, reference wetlands are not intentionally positioned in the landscape to accept substantial amounts of tile drainage. All wetlands were <3 ha surface area. Reference wetlands were categorized as 'palustrine emergent' or 'palustrine unconsolidated bottom' on the National Wetlands Inventory (USFWS 2002).
Environmental Characteristics
We assessed water for the sum of nitrate and nitrite concentrations (nitrate), pH, and conductivity three times throughout the growing season (April or May, June, and July) in 2012 and 2013. Water samples for nitrate were collected in pre-sterilized bottles from the wetland outflow and shipped to the U.S. Geological Survey (USGS) National Water Quality Laboratory (NWQL) for analysis (Patton and Kryskalla 2003) . Conductivity (specific conductance, μS/cm@25°C) and pH were measured using a calibrated YSI probe (Model 556, YSI, Yellow Springs, Ohio) at three points around the wetland outflow. Water samples (n=3 per wetland, per year, 100-1750 ml until filter was nearly clogged) were filtered through Sterivex 0.2 μm capsule filters in June 2012 and 2013, placed on ice, and shipped to the USGS to determine Bd presence (Kirshtein et al. 2007; Schmidt et al. 2013; Chestnut et al. 2014) .
We estimated mean and maximum depths (to nearest cm) using a meter stick at five equidistant transects at each wetland in July 2013. Transects ran along the shorter axis of the wetland, or perpendicular to any flow. The month of final drying was recorded in 2012 to estimate the relative hydroperiod of each wetland.
We placed two fyke nets in each wetland for 24 h in 2012 and 2013 to assess the presence of fish (Hubert et al. 2012) . Each net had two 71 cm×122 cm frames, 19 mm square mesh, a 13 m lead, and was equipped with two 2 L floats to prevent any inadvertently-captured, air-breathing vertebrates from drowning. Nets were set in 1-2 m water, with the full extent of the lead stretched perpendicular to shore. Captured fish were identified to species and released alive.
Amphibian Characteristics
Automated recording units (ARU; Song Meter model SM1 and 2: Wildlife Acoustics Inc., Concord, Massachusetts) were placed in each wetland to assess the amphibian species present (Waddle et al. 2009 ). ARUs recorded nightly, three min/h, from 1800 until 0400 h from 1 April-15 July. Calls were classified to species using Song Scope™ Bioacoustics Monitoring Software (Ver. 2.1A; Wildlife Acoustics Inc., Concord, Massachusetts; Waddle et al. 2009 ).
We sampled leopard frogs at four wetlands (two restored, two reference) in 2012 and 2013. Site selection occurred opportunistically based on landowner permissions, wetland surface area, and the presence of leopard frogs, thus our scope of inference is limited to the sampled sites. Each year, frogs were captured post-breeding during two primary periods, beginning in May and June. Each primary period consisted of three capture occasions within a ten day period (Online Resource Figure S1 ). During each capture occasion, we searched the wetland basin and surrounding vegetation (20 m from water's edge) for six person-hours. New captures were anesthetized using a dilute (0.05 %) buffered solution of Tricaine methanesulfonate (MS222, 0.5 g MS222/1.0 L water; Green 2001) and marked individually with disinfected 12-mm passive integrated transponder (PIT) tags (Avid Identification Systems, Norco, CA; Beaupre et al. 2004; Ferner 2007) . We recorded the sex and age class of each captured frog and the snout-to-urostyle length (SUL) was measured using digital calipers. Individuals smaller than 50 mm SUL or with signs of recently absorbed tails were classified as metamorphs (Merrell 1977; Leclair Jr and Castanet 1987) and not included in survival and population estimations. Adults and sub-adults were termed 'adults' for the purposes of this study.
We calculated fluctuating asymmetry as the absolute value of the difference between right and left limbs (Gallant and Teather 2001) . The length of the radioulna, thumb, femur, tibiofibula, and foot on each side of the body was measured three times to the nearest 0.001 mm by one investigator (RAR) to minimize bias (Online Resource Figure S2 ; St-Amour et al. 2010) . After measurements, frogs were released at their point of capture and observed until moving normally (Green 2001) . The tibiofibula (from knee to heel) best met the criteria necessary for exploring fluctuating asymmetry (Gallant and Teather 2001) . and was the only limb included in developmental stress comparisons (Reeves 2014) . 
Statistical Analyses
We included pH, conductivity, and nitrate concentrations, in a multivariate analysis of variance (MANOVA) using wetland type and sample year as explanatory variables. We further compared type and year for individual variables (pH, conductivity, nitrate concentrations, and the number of Bd zoospores per L of filtered water) using two-way analysis of variance (ANOVA) in R (R Core Team 2013). No late season reference wetland samples were collected in 2012 because these sites were dry. Spearman correlations were calculated using the mean values of the environmental characteristics for each wetland each year and the mean fluctuating asymmetry value across both years. Since depth was only measured in 2013, mean depth was compared using a one-way ANOVA with wetland type as the only explanatory variable. We compared fluctuating asymmetry in restored and reference wetlands using an ANOVA with wetland type, sample year, age class, and sex as explanatory variables and the absolute value of the differences between right and left tibiofibulae as the response.
We estimated demographic parameters for adults (e.g., apparent survival probability and population size) using the Robust Design with Huggin's estimator model implemented in RMark (Pollock 1982; Kendall and Nichols 1995; White and Burnham 1999; Laake 2013) . This model calculates population size as a derived parameter, after estimating values for apparent survival, temporary emigration, and the probabilities of capture and recapture. We included wetland as the group variable. Individual covariates were included in the estimation of the probabilities of survival, capture, and recapture. We ran all combinations of parameter structures (50 possible models, Table 1 ) and used the corrected Akaike's information criterion (AICc) for small sample sizes to determine which models best described the data (Doherty et al. 2012) . Because there was some uncertainty in model selection, we model averaged the estimates of survival, capture, and recapture probability, as well as population size for each of the four primary periods (Doherty et al. 2012) . We removed models that did not converge (e.g., those with unrealistic confidence intervals or standard errors) from the model set prior to model averaging and only compared models with similar structures (e.g., with and without temporary emigration).
We included five model structures for apparent survival (S; Table 1 ): constant survival (S(.)); time-varying survival (S(time)); survival varying by wetland type (i.e., restored or reference, S(type)); survival varying by wetland (S(wetland)); and survival varying with degree of fluctuating asymmetry (S(FA)).
The Robust Design with Huggin's estimator model incorporates two parameters relating to temporary emigration from the study area, γ' and γ^ (Pollock 1982; Kendall 2014 ). We We included five models for the estimation of capture (p) and recapture (c) probabilities (Table 1 ): probability of capture and recapture are equal and constant (no effect of trapping; p(.)= c(.)); not equal and constant (some effect of trapping; p(.)≠ c(.)); equal and change with each primary period (p(period)= c(period)); equal and wetland dependent (p(wetland)=c(wetland)); and equal and both wetland and time dependent (p(wetland+period)=c(wetland+period)). Allowing p and c to vary by primary period compensates for variation in vegetation height and water level that naturally occurred throughout the season.
Results
Environmental Characteristics
Environmental characteristics varied between wetland types and years (MANOVA; type: F=17.40, p<0.001; year: F= 3.69, p = 0.025; type*year: F = 2.37, p = 0.093, Online
Resource Table S1 ). Nitrate concentrations varied by wetland type and year, while pH and conductivity differed in restored and reference wetlands but not by years (Table 2) . Restored wetlands had higher nitrate concentrations compared to reference wetlands and average concentrations in the restored wetlands were an order of magnitude higher than those observed in reference wetlands (Online Resource Table S5 ). Restored wetlands were more alkaline (pH 7.4-10.2) than reference wetlands (pH 7.4-8.6), but conductivity was higher in reference wetlands than in restored wetlands. The concentration of Bd zoospores observed in water samples varied by wetland type and year (Table 2 ). In 2012, the mean concentration of Bd zoospores in water samples was three times higher in reference wetlands (309 zoospores/L±73.8) than restored wetlands (110 zoospores/L±60.2). Water samples from Boone reference wetland had the highest Bd concentrations both years (444 zoospores/L and 38 zoospores/L, respectively).
Restored wetlands were, on average, twice as deep as reference wetlands (Fig. 2) . In 2012, all reference wetlands dried completely by mid-July, while the restored wetlands retained water. Fish were found in one reference wetland, and although not detected in call recordings, bullfrogs were encountered occasionally at reference wetlands (Online Resource  Table S2 ). Fish and bullfrogs were found in all restored wetlands. 
Amphibian Characteristics
With the exception of bullfrogs, calling amphibian assemblages were similar across both wetland types (Online Resource Table S2 ). Leopard frog calls were recorded at Marshall (restored) in 2012 but leopard frogs were not detected visually in 2012 or 2013. Assessment of fluctuating asymmetry suggested differences in developmental stress between frogs from restored and reference wetlands (Fig. 3) . Limb asymmetries were larger in adults than metamorphs (Metamorphs: restored 0.22 mm, reference 0.28 mm), but there were no differences between sexes. Adult frogs in reference wetlands had asymmetries nearly twice as large as those in restored wetlands (Adults: restored 0.34 mm, reference 0.51 mm). Fluctuating asymmetry was highest at Boone (reference) wetland (Table 3) , however, fluctuating asymmetry in adults was not correlated with the number of Bd zoospores detected in water samples each year (p>0.05). Leopard frog capture and recapture success varied between wetland types and years (Online Resource Table S3 ). Models with the most support from the leopard frog data included constant survival probabilities, constant and random temporary emigration, and some effect of trapping (unequal probabilities of capture and recapture, Table 4 ; Online Resource Table S4 ). There was no support for an effect of time or wetland (cumulative model weights (wt)≤10 %), and little support for fluctuating asymmetry or wetland type (wt≤30 %; Table 1) on the probability of survival. There were no differences in survival probabilities for restored 81 % (CI: 56-94 %) and reference (82 % (CI: 61-93 %) wetlands.
Models that incorporated constant and random temporary emigration accounted for 85 % of the model weight compared to null (no temporary emigration) models, suggesting that temporary emigration was occurring. Several models, including all of the time-varying and random temporary emigration models, all Markovian temporary emigration models, and four time-varying survival models did not converge so were removed from the model set.
Model selection suggested that capture and recapture probabilities varied by primary period (wt=46 %, Table 1 ), but probabilities were similar and varied little among wetlands.
The size of adult leopard frog populations varied among wetlands but did not vary consistently within wetland types (Table 3) . With the exception of one restored wetland where the population was constant, the estimated adult population size decreased between May and June both years, and populations were smaller in 2012 than 2013. The population at Story (restored) was smallest, while the population at Boone (reference) was the largest both years. Leopard frog metamorphs were observed in two reference and two restored wetlands in 2012 and in all wetlands except Marshall (restored), in 2013. In 2012 reference wetlands had dried or were drying during peak metamorph emergence (Online Resource  Table S5 ).
Discussion
Amphibian habitat quality differed in restored and reference wetlands, but effects on amphibians appeared to be sub-lethal. There were differences in water quality and zoospore Fig. 1 . Bob Pyle (BOP) was dry when wetlands were measured in July, so the mean depth at that time was zero. Boxes depict interquartile ranges, horizontal lines indicate medians, vertical lines extend to 5th and 95th percentiles, and dots are individual observations below 5th and above 95th percentiles Fig. 3 Fluctuating asymmetry in adult and metamorphic leopard frogs in restored and reference wetlands in central Iowa. Boxes depict interquartile ranges, thick horizontal lines indicate medians, vertical lines extend to 5th and 95th percentiles, and dots are individual observations below 5th and above 95th percentiles abundance as well as substantial differences in hydroperiod and mean depth among wetlands. Despite measurable differences in habitat quality, there were few differences in calling amphibian assemblages between wetland types, and no differences in estimated leopard frog survival probabilities. Leopard frogs in reference wetlands exhibited larger asymmetries than frogs in restored wetlands, indicative of increased developmental stress, but neither were clearly related to survival probabilities.
Environmental Characteristics
Restored wetlands are designed to intercept and denitrify tile drainage water to ameliorate downstream effects (Iovanna et al. 2008 ). However, elevated nitrate levels from concentrating tile drainage can be toxic to some amphibians (Marco et al. 1999) . can alter food webs and competitive dynamics within the wetland (Hecnar 1995; Mann et al. 2009 ). and can modify parasite-host relationships (e.g., Johnson et al. 2007 ).
The restored wetlands in this study were excavated (75 % of pool required to be<1 m; USDA 2009). They are significantly deeper than the reference wetlands, and are therefore more likely to maintain water throughout the summer. Deeper and more permanent wetlands are considered more suitable for fish and bullfrogs, which prey on smaller frogs and can reduce amphibian species richness, abundance, and breeding success (Boone et al. 2004; Boone et al. 2007) . Bullfrogs are also known vectors for chytridiomycosis (Casper and Hendricks 2005) . Marshall (restored), the deepest of the wetlands sampled, had bullfrogs and the greatest diversity of fish. Although leopard frogs were detected on call recordings early in the season, no adults were observed during mark-recapture efforts and we did not find any leopard frog metamorphs.
The drought in 2012 (NDMC et al. 2014) highlighted the importance of wetlands with a variety of hydroperiods. In 2012, reference wetlands dried before or during peak metamorph emergence but deeper restored wetlands retained water. Maintaining this variation in wetland type across such altered landscapes is likely to contribute to the persistence of amphibian populations (McCaffery et al. 2014) . For example, restored wetlands (typically deeper) provide overwintering habitat and refuge during drought, and reference wetlands (typically shallower) provide refuge from predators.
Differing hydroperiods may also affect the dynamics of emerging amphibian diseases. While complete drying is known to kill Bd zoospores in the laboratory (Johnson et al. 2003) . little is known about the persistence of Bd zoospores in wetland sediments (Chestnut et al. 2014 ) and we are unaware Bd was detected in all wetlands and at concentrations consistent with those observed by Chestnut et al. (2014) . Mean zoospore concentrations varied considerably between years and all wetlands exhibited a substantial reduction (48-95 %) in mean zoospore density between 2012 and 2013. The wetland with the largest population of frogs in both years (Boone reference) also had the greatest abundance of Bd zoospores (as seen in previous studies; Chestnut et al. 2014) . and the highest levels of fluctuating asymmetry, but correlations between these variables were non-significant. Our data suggest that Bd is present in both wetlands types but its prevalence and likely its effects vary by year and possibly population density.
Restored wetlands are advantageously designed with water control structures which allow managers to artificially manipulate water levels (IDALS 2013). Temporary reductions in water levels during late summer could reduce or eliminate bullfrogs and fish to reduce predation (Boone et al. 2007; Rowe and Garcia 2014) . while complete drying could reduce the number of Bd zoospores in the wetlands and diminish the severity of disease outbreaks. While reduced water levels may temporarily reduce nitrate processing within the wetland, slow reductions in water levels consolidate sediments, increase water clarity, and facilitate colonization and establishment of emergent vegetation which facilitates denitrification in the long-term ( Van der Valk and Davis 1978; IDALS 2013) .
Amphibian Characteristics
Amphibian species richness was similar among all of the wetlands studied. Previous studies have found that wetland characteristics alone are insufficient to explain variations in amphibian species richness and that landscape characters (e.g., surrounding land use) are also important (Hecnar and MCloskey 1996; Knutson et al. 1999 ). In our study, restored and reference wetlands are situated in an agriculturallydominated landscape, and are surrounded by similar buffers of perennial vegetation. Despite large-scale commonalities in environmental characteristics, we found differences (e.g., water quality) among restored and reference sites that may affect the persistence of amphibians.
We observed no significant differences in the probability of survival of adult leopard frogs between wetland types. The average monthly survival probability for adults across both wetland types was 81 %, and thus, roughly, an 8 % annual survival probability. While a survival rate estimated in the summer and extrapolated over the entire year is only a crude approximation of true annual survival, we are unaware of any published estimates of adult leopard frog annual survival probabilities in free-living populations for comparison. Generally, leopard frogs have short lifespans with a life history strategy that favors explosive reproduction, so yearly survival is likely to be low. In previous studies, wild individuals collected for osteoanalysis exhibited large growth rates between their first and second years and individuals older than three were relatively scarce (Leclair and Castanet 1987) . Female adult leopard frogs typically mature in their third activity season (age 2; Dodd 2013). but some males may mature in as little as 1 year (Leclair and Castanet 1987) . As anticipated, the apparent population sizes of adult leopard frogs decreased from May to June, as individuals finished breeding and moved away from the study areas and into summer habitat (Rorabaugh 2005) . Population sizes were smaller in 2013 than 2012, possibly related to the drought.
Further comparisons of fine-scale habitat quality among restored and reference wetlands and additional demographic information (e.g., egg mass surveys or metamorph counts) will be useful in quantifying differences in these systems and refining management strategies in the highly modified landscape of central Iowa. Maintaining a complex of relatively fish and bullfrog-free wetlands with a variety of hydroperiods appears to be important for the long term persistence of amphibians in this landscape, especially in light of increasing variability in rainfall due to climate change (Pachauri et al. 2014) .
